The paper describes the preparation and characteristics of fi lms composed of Pd nanograins placed in carbonaceous matrix. Films were obtained in PVD (Physical Vapor Deposition) process from two sources containing: the fi rst one -fullerene powder and the second one -palladium acetate. The topographical, morphological and structural changes due to different parameters of PVD process were studied with the use of Atomic Force Microscopy and Scanning Electron Microscopy, whereas the structure was studied with the application of the Transmission Electron Microscopy and Fourier Transform Infrared Spectroscopy methods. It was shown that topographical changes are connected with the decomposition ratio of Pd acetate as well as the form of carbonaceous matrix formed due to this decomposition. Palladium nanograins found in all fi lms exhibit the fcc structure type and their diameter changes from 2 nm to 40 nm depending on the PVD process parameters.
INTRODUCTION
One of the most interesting materials are nanostructure fi lms containing clusters, nanoparticles or nanograins of metal. Metal nanocrystals or nanograins display interesting properties, which provides extensive opportunities for their use. Nanograins with diameter of a few nanometers have more atoms on the surface than inside
1, 2
. It has a signifi cant impact on the sorption properties of such grains. Palladium grains are commonly known as one of the best adsorbents for hydrogen gases 3, 4 . Recent studies have shown that the amount of hydrogen is higher in Pd nanocrystals, compared with a thin layer of palladium 5 . Carbon is also very good adsorbent for some gases due to its ability to form various structural combinations (e.g. nanopores, nanoonions, nanotubes, nanofi bers). Depending on the form of carbon, it can have different electronic properties (from insulating to metallic). By combining such two materials as metallic nanograins and carbonaceous grains it is possible to obtain a material with new properties in comparison with the macroform of these materials.
The nanocomposite carbon -palladium fi lms (C-Pd fi lms) presented in this work are interesting because of their ability to absorb hydrogen and due to the possibility of application of these fi lms as hydrogen and hydrogen containing compounds sensors. The C-Pd fi lms preparation method was elaborated in Tele and Radio Research Institute, where many investigations of fi lm properties were performed [6] [7] [8] [9] . In paper 10 we showed that the sorption properties of fi lms containing Pd nanograins are affected by their resolution, particle size and surface topography. In this paper we present the results of studies of the infl uence of technological PVD process parameters on the topography, crystalline and molecular structure of C-Pd fi lms. Our fi lms are applied for hydrogen sensing and they can be used as a covering layer for hydrogen storage materials, as well.
EXPERIMENT
Nanocomposite C-Pd fi lms were obtained with the use of physical vapor deposition method (PVD) with precursors evaporated from two separated sources: C 60 fullerenes and palladium acetate. PVD process was performed in a vacuum chamber (dynamic vacuum 2 x 10 -6 mbar). Film was deposited on a quartz substrate. Sources-substrate distance (d) amounted to 60 mm and deposition time (t) was 10 min in all processes. We obtained C-Pd fi lms of various thickness, structure, morphology, topography and Pd content depending on technological parameters of PVD process such as current intensity for two separated sources (I C60 , I Pd ). Sources containing C 60 and palladium acetate were heated to a high vapor pressure by electrically resistive heating, separate for each source. Table 1 presents the intensity of evaporation of C 60 and palladium acetate use for all PVD processes. The temperature to which the sources were warmed up, corresponds to their decomposition temperature, for C 60 is 400-620 o C (in the air) and for palladium acetate is ~250 o C (organic compounds) and 824 o C (palladium oxide). During the process the temperature above the substrate, on which the fi lm is embedded, was also measured. In Table 1 is given as the temperature of the substrate.
Peaks of silicon and oxygen are derived from the silicon oxide substrate. The weight concentration of palladium was determined as the function of Pd in relation to carbon content in the fi lm. Table 1 presents results of such analysis.
The analysis of results indicates that palladium content in C-Pd fi lms increases with an increasing intensity of the current for palladium acetate source in the PVD process. The composition of the fi lms is strongly dependent on the temperature of the substrate. The content of palladium in relation to carbon is 30.5 wt.% for S1 fi lm and it is the highest registered Pd content. By increasing the evaporation intensity of fullerenes from 1.8 to 1.9, the S2 fi lm with the lowest Pd content of 11.5 wt.% is obtained. While increasing the current intensity of fullerenes and palladium acetate sources (I C60 = 1.9 A and I Pd = 1.3 A), it is possible to prepare a fi lm with Pd content of 26.3 wt.%. The composition of the fi lms is strongly dependent on the temperature of the substrate during deposition process.
SEM images of two fi lms S1 and S2 obtained with PVD method with the same current intensity of palladium acetate source (I Pd = 1.2 A) and different current intensity of fullerenes source are presented in Figure 3 .
SEM image of S1 fi lms ( Fig. 3a) shows that the fi lm surface is very smooth and it looks very homogeneous. The topography of S2 fi lm (Fig. 3b) is different from the topography of S1 fi lm. The entire surface of the fi lm is coated with tightly grouped nanograins with diameter of 50-200 nm. The surface of this fi lm is not as smooth as the surface of S2 sample which is visible in better contrast of SEM images.
Differences in topography are also observed in the case of S3 and S4 fi lms obtained at I C60 = 1.9 A. On the surface of the S3 fi lm obtained with I Pd = 1.1 A single large islands are visible (Fig. 3c ). S4 fi lm contains more palladium than S3 fi lm and it is built of small carbonaceous-palladium grains. SEM image of S4 fi lm is presented in Figure 3d .
S5 and S6 fi lms were prepared at a constant evaporation intensity of fullerenes I C60 = 2 A. Their topography is shown in Figur 2e i 2f. Small grains are visible on the surface of the S5 fi lm (Fig. 3e) . This sample has a low Pd content (9.3%) and high resistivity which caused such a poor contrast of the SEM image. S6 fi lm is consists of separate angular grains of different shapes (Fig. 3f) . As visible on the SEM image, these grains have a diameter of 20-80 nm.
Based on all these SEM studies, we can conclude that: 1) fi lms with low Pd content (<15 wt.%) are composed of grains with oval shape typical of fullerite nanograins (samples S3, S5, S2); 2) minimal roughness of surface is found in sample with the highest Pd content (sample S1); 3) fi lms containing palladium in the amount of more than 15 wt.% have angular-shaped grains. In the case of sample S1 it is diffi cult to determine the shape of grains because of their very small diameters.
According to our SEM studies results, it can be presumed that the observed topography of all fi lm results from the columnar type of fi lm growth. Figure 2 . EDX spectra which were collected for samples S1-S6 The topography of C-Pd fi lms was analysed with scanning electron microscopy (SEM) JEOL-JSM 7600F operating at incident energy of 5 keV. Pd concentration in all fi lms was studied with the Energy Dispersive X-ray Spectroscopy (EDX) technique. The topography and average roughness of the fi lms were analysed with the use of atomic force microscope AFM -EXPLORER 2000 in non-contact mode with a standard Si 3 N 4 cantilever model MLCT-EXMT-A in the ambient atmosphere. The grain size studies were performed with the cross-section analysis tool. The average roughness is the arithmetic mean value of the absolute values of the measured profi le height deviation.
The structure of C-Pd fi lms was investigated with transmission electron microscopy TEM, electron diffraction of selected area and Fourier transform infrared spectroscopy (FTIR). FTIR measurements were performed with the ThermoScientifi c Nicolet iS10 FTIR spectrometer, using ATR (Attenuated Total Refl ectance) technique in the spectral range of 650-4000 cm -1 at the spectral resolution of 4 cm -1 .
EDX and SEM results
The Energy Dispersive X-ray Spectroscopy (EDX) technique was used for the qualitative and quantitative analysis of C-Pd fi lms. The minimum voltage to accelerate, and thus the incident electron energy was selected, so that it caused excitation of all the elements included in the fi lm. EDX spectra were collected at accelerating voltage U = 10 kV and probe current I = 1 nA. Those are presented in Figure 2 .
AFM results
AFM results are consistent with the results obtained with the use of SEM. We observed differences in topography and average surface roughness of C-Pd fi lms depending on the PVD process parameters. AFM images for all fi lms are presented in Figure 4a -4f.
The surface of S1 fi lm (Fig. 4a) is very smooth and consists of very small grains. The average roughness for this sample is the lowest one and it amounts to 2.2 nm. AFM image of S2 sample (Fig. 4b) shows that this fi lm has a different topography than S1 fi lm. The entire surface is covered with grains of width between 150-250 nm and height ranging from 8 nm to even over 48 nm. The average roughness of S2 fi lm is 8.4 nm. In the case of S3 fi lm surface we can observe separated grains which combine to form larger aggregations (Fig. 4c) . The surface between them is covered with similar grains. The height of these separated nanograins reaches 10-37 nm and the diameter ~200 nm. The average roughness of S3 fi lm is 6.9 nm. On the AFM image of S4 fi lm we can see that the surface is covered by grains of 160-230 nm in diameter (Fig. 4d) . The height of these grains is ~30 nm. The average roughness of S4 fi lm amounts to 6 nm. AFM images of S5 and S6 fi lms show that they are built of grains which cover their entire surfaces (Fig. 4e, 4f) . The height of S5 fi lm grains reaches 11-20 nm, whereas in the case of S6 it is ~10 nm (only individual grains with the height of ~20 nm). The average roughness of S5 fi lm is 4.4 nm and the one of S6 fi lm amounts to 3.5 nm.
The average roughness values obtained from these measurements are compiled in Table 2 . 
TEM results
TEM images for C-Pd fi lms prepared in PVD process are presented in Figure 5 . In all samples on bright fi eld images Pd nanocrystals in the form of dark small objects were observed.
In S1 fi lm Pd nanograins are very small, 1-7 nm in diameter (Fig. 5 -S1 ). These particles occur in very large quantities, which results in diffraction images in the form of fuzzy rings. Histogram of Pd nanograins size show that the smallest ones have a diameter of about 1nm but nanoparticles with a diameter of about 3 nm are the most numerous. As results from the electron diffraction pattern, fullerite grains are also found in the case of this fi lm. The fuzzy rings attributed to diffraction from C 60 nanograins are observed.
In the case of S2 fi lm, similarly to S1 fi lm, the most numerous grains have 3 nm in diameter, however, in this case there are also single larger grains of diameter up to 10 nm (Fig. 5 -S2 ). In the electron diffraction pattern we observed rings of fullerite.
The morphology of S3 fi lm is different from the morphology of S1 and S2 fi lm. The S3 sample contains grains of various sizes. In the bright fi eld image of S3 fi lm palladium nanograins with a diameter ranging from a few to ~40 nm can be observed (Fig. 5 -S3 ). In the case of S3 fi lm, the presence of large grains is refl ected on the electron diffraction pattern as bright dots on fuzzy rings resulting from smaller grains. The average size of Pd grains determined on the basis of the histogram for S3 fi lm is 4.5 ± 0.07 nm. The rings belonging to fullerite structure are also seen in the diffraction pattern. S4 fi lm structure differs from the structure of S3 fi lm (Fig.  5 -S4 ). Similarly to samples S1 and S2, it is made of very small palladium nanograins of a few nm in diameter. Nanoparticles with a diameter of about 3 nm are the most numerous. These nanograins are evenly distributed in the entire area studied.
TEM images of S5 fi lm display single grains of less than 5 nm in diameter (Fig. 5 -S5 ). Pd nanocrystals are distributed over the entire carbonaceous matrix. Pd grains with the average grain size of 2.6 ± 0.04 nm are the most numerous ones on the histogram. The high resolution image shows Pd crystallite with d 111 lattice planes (fcc) cubic structure.
S6 fi lm is characterised by the presence of a large number of big Pd nanoparticles of a few dozen nm in diameter (Fig. 5 -S6 ). The largest contribution to the histogram is made by particles with a diameter of about 10 nm. In the case of this C-Pd fi lm, we can observe large dispersion of nanoparticles size distribution. The electron diffraction images show bright refl ections on electron diffraction pattern due to the presence of big Pd particles and fuzzy rings for diffraction pattern from the smallest particles. In this diffraction pattern a clear ring representing fullerite structure is also visible. The TEM investigation proves that metal nanograins are embedded in a matrix composed of a mixture of C 60 and amorphous carbon phases. The electron diffraction patterns show diffused rings which can be attributed to (hkl) planes of Pd grains with the fcc structure type and fullerite grains (S1, S3, S6 fi lms). The high resolution image shows d 111 spacing (0.224 nm) of Pd fcc crystalline structure.
Most of the samples examined have very small Pd nanograins (2-3 nm), but in some of the samples (S3, S6) very big Pd nanograins were found (over 20-30 nm in diameter). These Pd nanograins have the fcc type of structure.
FTIR results
In order to examine the molecular structure of C-Pd fi lm the FTIR spectra was performed. Figure 6a presents the FTIR spectra of precursors of C-Pd fi lms: fullerene C 60 and palladium acetate Pd(C 2 H 3 O 2 ) 2 . Infrared spectrum of C 60 consisting of two modes with F lu symmetry observed at frequencies of 1182 [F 1u (3) 14 . FTIR spectra of fullerene C 60 , palladium acetate and C-Pd fi lms prepared in PVD process are presented in Figure 6 .
Analyzing FTIR spectra we studied the occurrence of fullerene C 60 and palladium acetate in C-Pd fi lms. FTIR spectra of fullerene C 60 and palladium acetate are shown in Figure 6a . We did not observe characteristic bands for palladium acetate only in the case of fi lm S4. The temperature of the source of Pd acetate was the highest one and led to the total decomposition of this compound. The lack of bands characteristic for C 60 vibrations in this sample (Fig. 6c ) can be connected with: high temperature of C 60 source and high temperature of substrate at the same time. However, the catalytic potteries of Pd nanoparticles can cause faster decomposition of C 60 grains when placed in the proximity of Pd nanograin. In the electron diffraction pattern for this S4 sample we found a diffused ring which can be attributed to the diffraction of very small C 60 nanograins.
In the spectrum of S1 and S2 fi lm, bands characteristic for molecules vibration of fullerene C 60 (1183 cm -1 ) and palladium acetate (1594, 1427 and 698 cm -1 ) are visible but their absorption is low (Fig. 6b) . In the electron diffraction pattern of S1 fi lm, rings of fullerite grains were fuzzy and not present in its entire volume, whereas in S2 fi lm they were not observed at all.
The band ascribed to fullerene (1183 cm -1 ) with the highest absorbance is observed in the spectra of S3, S5 and S6 fi lms (Fig. 6c, 6d) . These samples are characterised by small palladium content in relation to carbon and I Pd ≤ 1.1 A in the process they receive.
CONCLUSION
As can be concluded, the knowledge obtained from structural, topographical and morphological studies is very helpful when we assign the properties of fi lm prepared in PVD to hydrogen sensing or storing applications. The fi lm should have a highly developed surface, possibly smallest Pd nanograins, possibly highest Pd content, and the carbonaceous matrix should be in the form of amorphous carbon.
The parameters of technological PVD process have a strong infl uence on the topography, structure and morphology of carbon fi lms containing Pd nanograins (C-Pd fi lms). We have found strong dependence of Pd content on technological parameters. By adjusting the process parameters, we have obtained fi lms of different palladium content (from 8 up to 30 wt.%). This Pd content affects the resistivity of these fi lms.
The fi lm is fl at and smooth when it is composed of amorphous carbonaceous grains with very small Pd grains. The surface of fi lms with fullerite grains is covered with hill-like grains. The surface of fi lms with high Pd content is covered with angular grains.
The average size of Pd nanograins is similar for most of the fi lms and reaches 2-3 nm. In some samples bigger and much bigger grains could be found. This was the case with samples of the lowest Pd content and the samples in which, due to technological parameter, total decomposition of Pd acetate and fullerite grains occurred. These circumstances in connection with big Pd nanograins did not disturb in formation of fi lm with very good conductivity. 
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